Model reduction techniques are often applied to improve the computational speed when finite volume models are used to describe the dynamics of heat exchangers (HXs) in vapor compression systems. One particular area of focus has been the simplification of the momentum equation, since it usually does not affect the thermal system behavior over the time scales of interest. This paper compares the effect of five reduced order variants of the momentum equation on the dynamics of complete vapor compression cycles. This comparison is achieved via the implementation of a dynamic model of an air-source heat pump, which enables the direct comparison of these different approximations on the system dynamics, prediction accuracy, and simulation speed on otherwise identical models. Simulations indicate that neglecting the phenomena on small time scales can greatly improve numerical efficiency with a minimal loss in prediction accuracy. The variants with frictional pressure drop only and with linear pressure distribution are also found to outperform other variants in both prediction accuracy and simulation speed.
INTRODUCTION
Heat exchangers in vapor compression systems usually require particular modeling attention, because they are the main components that exchange mass, energy and momentum in the system. It is therefore essential to obtain accurate mathematical and physical representations for transient heat transfer and fluid flow phenomena in the heat exchangers. Distributed-parameter heat exchanger models are particularly useful for describing spatially dependent phenomena and the detailed component performance, such as the effect of local heat transfer coefficients and pressure drops or the branching and joining of refrigerant pipes as a result of particular circuiting configurations. In such models, the original governing equations for one-dimensional fluid flow in a form of partial differential equations are spatially discretized and can be solved by various methods like finite difference, finite volume or finite element methods. While the finite volume method is often chosen because it can accurately maintain conserved quantities, this high accuracy is achieved at a cost of longer simulation time. Model reduction techniques are thus often needed to improve the computational speed of the models.
One particular area of focus has been the simplification of the momentum equation, since it usually does not affect the thermal system behavior over the time scales of interest; in this work, we study five simplified variants of the momentum equation used in the dynamic modeling of HXs that have been reported in the literature. The standard transient momentum equation includes the inertia term which contains the time-derivative of the mass flow rate and is important for describing the propagation of pressure fluctuations and other effects of very small time scales. Typically, this term is of minor importance for heat transfer analysis, and often involves a much shorter time constant than the thermal transport behavior. Including this inertia term in the models often leads to a stiff system of differential equations and significantly increases the computational cost. Meanwhile, the physical phenomena that the inertia term describes are of no interest to system modelers unless sound or shock waves inside a tube need to be taken into account [1] . Consequently, in the first simplified variant of the momentum equation, the inertia term is often neglected. In the second variant, the acceleration term and the gravity effect are also omitted, as these terms are usually much smaller than the friction term [2] . In comparison, the third variant assumes that the time derivatives of the pressures are spatially invariant in the heat exchanger due to the fact that the dynamic pressure waves propagate at the speed of sound in the direction of fluid flow [3] . The fourth variant applies a global momentum balance by assuming a linear pressure distribution across all the volumes between the inlet and the outlet of the heat exchanger [4] . In addition to these four simplified variants of the momentum equation, the spatial variation of the pressure is often neglected in many studies to avoid the resulting complexity due to the inclusion of the momentum equation in the models (the 5th variant) [5] . In this variant, pressure will be uniform throughout the heat exchanger and the mass flow rate will be computed through the coupling between the equations of continuity and energy.
Zhang and Zhang [6] compared three different forms of the momentum equation in the dynamic simulation of a residential refrigeration system: standard/transient, steady-state (1st variant) and zero pressure drop (5th variant). It was concluded that the steady-state form yielded the same prediction as the standard form while maintaining a faster computation speed. The authors also suggest that pressure drop can reasonably be neglected in model-based control design, since it results in a simpler model representation without a significant loss of accuracy. However, zero pressure drop assumption cannot be justified in some cases, such as electronics cooling, where micro channels are commonly used and significant pressure drop can be observed in micro-scale heat exchangers, and large-scale heat exchangers in solar thermal plants (tube length can be as long as hundreds of meters), where pressure drop must be considered. In addition, the momentum balance must be taken into account to determine the mass flow interactions between the evaporators when it comes to the modeling of multi-evaporator systems. Because the evaluation of the steady-state momentum equation is still quite computationally expensive, the other three simpler variants (2nd, 3rd and 4th variants) may be more favorable alternatives in the dynamic simulation of vapor compression systems to attain a trade-off between numerical efficiency and preservation of the major physical characteristics.
Unfortunately, while all these different variants of the momentum equation have been used in previous literature, their computational speed and accuracy have not been directly compared. In this paper, we will compare the effect of these model-order reduction strategies on the dynamics of complete vapor compression cycles, thereby directly establishing the tradeoffs between computational speed and accuracy. This comparison is achieved via the implementation of a dynamic model of an air-source heat pump in the equation-oriented language Modelica, which enables the direct comparison of these different approximations of the momentum equation on the system dynamics, prediction accuracy, and simulation speed on otherwise identical models.
MODEL DEVELOPMENT
The heat exchangers are described by a finite-volume model of the heat and fluid flow. Each heat exchanger segment is divided into three sections: the refrigerant stream, the finned walls, and the air stream. The refrigerant stream is described by a one-dimensional flow with fluid properties varying only in the direction of flow; consequently, these properties are uniform or averaged at every cross section along the axis of the channel. Additional assumptions used to simplify the dynamic models include: (1) the fluid is Newtonian, (2) axial heat conduction in the direction of refrigerant flow is ignored, (3) viscous dissipation is neglected, (4) liquid and vapor are in thermodynamic equilibrium, (5) the potential and kinetic energy of the refrigerant is neglected. The conservation equations of continuity, energy and momentum can thus be formulated as follows [7] :
whereρ M is the momentum density.h ρ andh are the density-weighted and flow-weighted specific enthalpies, respectively. The wall shear stressτ = 1 2 fρu |u| and f is the Fanning friction factor, while P is the circumference of the flow channel. Please note a symbol with a bar represents an average value in this paper.
In order to apply the finite volume method to solve the governing equations, the domain of the refrigerant flow needs to be spatially discretized into n control volumes. The staggered grid scheme is used to decouple the equations of continuity and energy with the equation of momentum. There are two types of cells: volume cells (blocks enclosed in black solid lines), and flow cells (blocks enclosed in red dash lines) centered at the interfaces of the volume cells, as shown in Fig. 1 . The mass and energy balances are calculated within the volume cell while the momentum balance is calculated between the volume cells, i.e., within the flow cell. Integrating the equations of continuity and energy over the i th volume cell yields
It is also necessary to relate the quantities between the volume and flow cells, e.g.,
The upwind difference scheme is recommended to approximate thermodynamic quantities onto the staggered cells for convection-dominated flows, because the central difference scheme may lead to non-physical solutions [8] .
The standard/transient form of the momentum equation for the i th flow cell is thus
The momentum at the interfaces of flow cells is often calculated using a second-order center difference in order to avoid the discontinuity caused by the reverse flow, i.e., δ = 1/2 in this casė
where ∆İ is the momentum flow difference across the flow cell, e.g.,
, and half of the last flow cell is outside the refrigerant pipe. The momentum difference across the last flow cell is therefore approximated as that across the last volume cell, i.e.,İ n −İ n+1 ≈İ n−1/2 −İ n+1/2 . Pressure p, the density-weighted enthalpyh ρ and mass flow rateṀ are the dynamic states. The boundary conditions are the mass flow rate and specific enthalpy at the inlet, and the pressure at the outlet, i.e.,Ṁ 1/2 , h 1/2 and p n+1 . In total, there will be 3n ordinary differential equations for a pipe with n control volumes. As can be seen from the derivations described above, employing the standard momentum equation in the models adds significant computational complexity. As a result, a variety of numerical approaches have been introduced in the literature to simplify the analyses and accelerate the simulation speed while maintaining physical integrity. The detailed description of these simplified variants of the momentum equation is given below. Variant 1: Steady-state form The derivative in Eq. (8) is the inertia term, and can be neglected due to its minor importance for heat transfer analysis. Consequently, the steady-state form of the momentum equation becomes [1] 0
The resultant momentum equation is substantially simplified by eliminating the inertia term. Compared against the standard form, the number of dynamic states with the steady-state form reduces to 2n (pressures and specific enthalpies) since the mass flow rates become the algebraic variables. Variant 2: Frictional pressure drop only The steady-state momentum equation can be further reduced by neglecting the acceleration pressure drop and gravity effect [2] , since both of them are typically smaller than the frictional pressure drop, yielding
In this variant, we assume that the number of states are still 2n and the mass flow rates are the algebraic variables. Variant 3: dp/dt approach In this variant, the time derivatives of pressures are spatially invariant along the direction of flow given that the acoustic waves propagate with a speed of sound in the direction of fluid flow. As a result, the number of dynamic pressure states is reduced to a single numerical state per pressure level, yielding a very efficient system of equations for each control volume, since dp/dt is given as an input. It is important to note that the time derivative of pressure is not treated as constant over time, but rather in space along the direction of flow. The pressure distribution in the heat exchanger still depends on the selected pressure drop models and thus on the mass flow rates [3] . Since dp 1 dz = dp n+1 dz = dp ref dz , the equations of continuity and energy become
In this approach, only specific enthalpies are the differential variables, and therefore the total number of dynamic states is reduced by n-1. Meanwhile, this approach can possibly avoid stiff models by eliminating a large number of fast pressure states. The algebraic dependency of pressure drop on the mass flow can be removed by introducing pseudo continuous time states that follow the steady-state pressure drops with delay [1] .
where ∆p i,state = p i − p i+1 , ∆p i,cal is the steady-state frictional pressure drop calculated using correlations, and K state is the time constant that can be tuned. With the introduction of pseudo pressure drop states, the number of dynamic states increases to 2n+1, but the numerical efficiency of the approach is greatly improved. Variant 4: Linear pressure distribution Another means of decreasing the number of dynamic states is to assume that the pressure is linearly distributed along the heat exchanger [4] , i.e., p i = p 1 + (i − 1) p n+1 −p 1 n . Therefore, one can easily obtain the following Aggregating all local momentum balances for flow cells 1 to n results in
whereM is the average mass flow rate 1 n ∑ n i=1Ṁ i+1/2 . This variant can be further simplified by summing up the momentum equation with only frictional pressure drop instead for all the flow cells. Similarly, a pseudo total pressure drop state can be introduced to remove the dependency of pressure drop on mass flow rate.
where ∆p tot,state = p 1 − p n+1 . This variant only has n+3 dynamic states. Variant 5: Zero pressure drop In many cases, pressure drop across the heat exchanger is very small and can be neglected [5] . With this assumption, the momentum equation is not required in the analysis and the number of dynamic states is n+1. The mass flow rates will be computed through the coupling between the equations of mass and energy. The boundary conditions of this approach are the inlet enthalpy, inlet and outlet mass flow rates, i.e., h 1/2 ,Ṁ 1/2 andṀ n+1/2 .
RESULTS AND DISCUSSIONS
An air source heat pump cycle was constructed to enable the direct comparison of these different approximations of the momentum equation on the system dynamics, prediction accuracy and simulation speed. The heat pump system used R134A as the working fluid, and consisted of a condenser, an evaporator, a linear electronic expansion valve (LEV), and an accumulator and scroll compressor, as shown in Fig. 2 . The compressor was a low-side scroll compressor with displacement of 66.7 cm 3 and nominal rotational speed of 3500 rpm, and both heat exchangers were louvered fin-and-tube heat exchangers. The modeling techniques of the air side and tube walls are given in [9] , and the details of the supporting component models including compressor, accumulator and LEV models can be found in [10] . These models were augmented by a set of empirical closure relations describing the single-and two-phase heat transfer coefficients and frictional pressure drops for the fluid on both the refrigerant side and the air-side [9] . The Levy void fraction model [11] was used to compute the two-phase refrigerant mass inventory. A tube-by-tube approach was employed for the heat exchanger analysis, i.e., the performance of each tube was analyzed separately and each tube was associated with different refrigerant and air parameters. These models were implemented in the Modelica language using the Dymola 2017 simulation environment, and were run on a laptop with an Intel i7 processor and 32 Gb of RAM; the Radau IIa solver was used to integrate the set of differential algebraic equations with a tolerance of 1e-5. As the first step towards the comparison of these different variants of the momentum equation, a complete start-stop cycle of the heat pump system was simulated. The dynamic system model was initialized with an equilibrium system pressure of 0.63MPa to mimic the scenario that the heat pump had been shut down for some time, with a majority of refrigerant residing in the evaporator and accumulator. The total simulation time lasted 6000 sec, with 4000 sec on-period and 2000 sec off-period, respectively. The comparison of the pressure transients using different variants of the momentum equation was given in Fig. 3 . Within the first 2 minutes, the discharge pressure increased rapidly, then gradually slowed down the ascending trend and leveled off. The surge in the discharge pressure was mainly attributed to the imbalance between the mass flow entering and leaving the condenser. The suction pressure declined in the first min due to the depletion of refrigerant from the evaporator, and increased slowly due to the augmented refrigerant supply from the condenser before reaching its steady-state value. After the system was turned off, the suction and discharge pressures came to equilibrium quickly because of refrigerant migration from the condenser to the evaporator. It can be observed that the pressure transients with the 1st, 2nd and 4th variants were very close to those with the standard momentum equation, whereas the 3rd (dp/dt approach) and 5th (zero pressure drop) variants both over-predicted the pressures. When neglecting pressure drops across the heat exchangers, the mass flow rate of the circulating refrigerant increased, resulting in an enlarged pressure difference across the LEV to balance the refrigerant flow delivered by the compressor. Hence, both suction and discharge pressures rose and an over-prediction in pressures can be anticipated. However, the cause of over-prediction in pressures with the 3rd variant was nonobvious and needed to be carefully scrutinized. In this variant, the time derivative of the pressure was assumed to be uniform along the direction of refrigerant flow. This assumption is valid only when the pressure difference across the heat exchangers is small. Otherwise, it can be very easily violated under large disturbances, leading to errors in the mass calculation. Fig. 4 showed the variations in the computed refrigerant mass inventory of the system during the entire simulation cycle. It was evident that refrigerant mass was well conserved with all the variants except the dp/dt approach. In order to eliminate the influence of numerical integration errors on the mass calculation, pressures and densities along with specific enthalpies were all selected as the dynamic states [12] in this work. Therefore, mass drift in the dp/dt approach was an inherent problem due to its underlying assumption. The refrigerant mass in the heat exchanger at time t can be computed as 5 Heat exchanger pressure drop with dp/dt approach. Fig. 6 Comparison of evaporator superheats.
with the initial mass M 0 . Assuming the inlet pressure of the heat exchanger is the reference pressure p ref , the true refrigerant mass is
where the pressure of the i th control volume is
Therefore, the amount of spurious mass drift is
According to Eq. (20), there should be no mass drift when the sum of pressure drops does not change over time. However, as shown in Fig. 5 , refrigerant pressure drops spiked up from zero to 45 kPa and 55 kPa for the condenser and evaporator at the beginning of start-up, respectively, and then stabilized at 25 kPa and 32 kPa when the system reached the steady-state operation. After the system was powered off, refrigerant pressures equalized rapidly and pressure drops became zero. Comparing Fig. 5 and Fig. 4 , it was clear that the variations in refrigerant mass synchronized with those in pressure drops across the heat exchangers. Therefore, the underlying assumption of the dp/dt approach was invalid when modeling the transients resulting from large disturbances. The comparison of the CPU computation time with all different variants was shown in Table 1 . The models with the simplified variants were significantly faster than the standard model. The increase in speed was achieved by neglecting the phenomena on a time scale much smaller than the one for the thermal phenomena of interest and the reduction in the number of dynamic states. Among these simplified variants, the one with the steady-state momentum balance was the slowest, whereas the one with only frictional pressure drop was the fastest.
Meanwhile, the impact of these different variants on the dynamic system response subject to a step change in the opening of the LEV was examined. Starting from steady-state operation, the LEV opening was reduced to 18% from 20% at 3000 sec. As shown in Fig. 6 , when the LEV opening decreased, the resulting evaporator superheat increased due to the reduced refrigerant flow through the valve. Evaporator superheat from the models with the 1st, 2nd and 4th variants corresponded well with those from the standard model, whereas the results from the models with the 3rd and 5th variants exhibited remarkable discrepancies. Table 2 listed the gain and time constant of the step response obtained from these different models, indicating that the variants with frictional pressure drop only and with linear pressure distribution produced the closest results to the standard model. However, the variant with zero pressure drop resulted in smaller gains and much faster responses, indicating that in some cases special care needed to be taken because the zero pressure drop assumption might lead to substantial errors in model-based control design.
CONCLUSIONS
Five simplified variants of the momentum equation that are often applied in the dynamic models of vapor compression systems were discussed in this article, and a complete cycle model of an air-source heat pump with these different approximations was developed in Modelica. In comparing the characteristics of these variants against the standard momentum equation, it is clear that the neglecting the phenomena on small time scales can greatly improve numerical efficiency while still preserving the physical integrity of cycle models. Among all these simplified momentum equations, the variants with frictional pressure drop only and with linear pressure distribution outperform the others, in the aspects of both prediction accuracy and simulation speed. Meanwhile, the dp/dt approach exhibits spurious mass drift under large disturbances due to its underlying assumption. When the mass drift issue becomes a concern, special treatments are needed to ensure that refrigerant mass is conserved, for instance, adding a refrigerant filling component with neutral enthalpy to the system model. Moreover, a comparison of the dynamic evaporator superheat response subject to a step change in the valve opening indicates that the zero pressure drop assumption could lead to faster dynamics and smaller changes in the steady-state outputs.
